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(54) Diagnostic trend analysis for aircraft engines 

(57) A diagnostic trend analysis method (1 0) is used 
to analyze engine trend data for aircraft engines. Appro- 
priate trend parameters are calculated from raw trend 
data (12) and wild points associated with the calculated 
trend parameters are eliminated (14). Abnormal shifts 
and changes are detected (16) at the most recent point 
for each trend parameter. The abnormal shifts and 
changes in each trend parameter are then evaluated 
(18). The evaluation is used to filter out spurious symp- 
toms and provide accurate maintenance recommenda- 
tions for real engine trend shifts (18). 
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Description 

The present invention relates, in general to jet air- 
craft engines and, more particularly, to a process for an- 
alyzing engine trend data to evaluate overall engine per- 
formance. 

Current engine trend data analysis techniques used 
by commercial airlines and the military rely, in general, 
on visual examination of trend data to detect symptoms 
indicative of the need for inspection or maintenance. 
This approach is labor intensive, and requires consider- 
able experience in order to identify real trend changes 
from "rogue" data and sensor shifts. Consequently, 
much of the value of trending can be lost unless a user 
is dedicated tof requent detailed analysis of engine trend 
data. While large commercial airlines are dedicated to 
trend monitoring, smaller airlines and other commercial 
operators, as well as the United States military, do not 
take full advantage of trend monitoring because of ded- 
ication required to analyzing data as well as the uncer- 
tainty in how to interpret trend symptoms for mainte- 
nance. 

In the existing art, the United States Air Force uti- 
lizes a statistical analysis technique to perform automat- 
ic detection of trend shifts by computation of a slope with 
a threshold in order to trigger an "alarm". Although this 
method of trend detection works well, in some cases 
small changes may be missed or may take several fights 
before the trend change can be identified. This, of 
course, delays detection of a potentially critical situa- 
tion. In addition, this technique is not able to discern 
scatter and sensor drift\shift from real engine changes. 
Consequently, considerable experience is still required 
to interpret detected symptoms. This has resulted in di- 
minished use of the trend information as a maintenance 
driver. 

It would be desirable, then, to have an engine trend 
data analysis technique which provides increased effi- 
ciency in detecting anomalous trends, and which is also 
less labor intensive. The objects, features and advan- 
tages of the present invention will become more readily 
apparent in the following description when taken in con- 
junction with the appended drawings. 

The present invention provides for a diagnostic 
trend analysis for analyzing engine trend data to evalu- 
ate overall engine performance and gas path health. 
The diagnostic trend analysis process of the present in- 
vention automatically detects changes in trend param- 
eters. When viable symptoms are detected, specific 
maintenance recommendations are generated without 
requiring visual examination of data. The technique ac- 
cording to the present invention enables a high degree 
of automation and accuracy, as compared with trend 
analysis methods currently in use. 

Briefly, in accordance with one aspect of the present 
invention, a diagnostic trend analysis method is provid- 
ed for analyzing engine trend data of aircraft engines. 
Initially, appropriate trend parameters are calculated 



from raw trend data. Wild or rogue points are eliminated, 
so as not to be included in the detection analysis proc- 
ess. Abnormal shifts and changes are detected at the 
most recent point for each trend parameter. 
5 The changes in all available trend parameters are - 
then evaluated, according to predetermined relation- 
ships, in order to filter out spurious data and provide ac- 
curate maintenance recommendations for real engine 
trend shifts. 

10 The invention may be best understood by reference 
to the following description taken in conjunction with the 
accompanying drawings in which: 

Fig. 1 is a flow chart illustrating the steps employed 
15 by the diagnostic trend analysis method, in accord- 
ance with the present invention; 
Fig. 2 is a graphical illustration of trend parameter 
calculations; and 

Figs. 3A and 3B illustrate a sample fault template 
20 for trend event detection and analysis. 

Diagnostic trend analysis, in accordance with the 
present invention, is similar to many engine trend anal- 
ysis techniques in that it relies on the computation of 

25 trend parameters which are referenced to some type of 
parametric baseline. The parametric baseline is gener- 
ally empirically derived or generated with an engine cy- 
cle model. The diagnostic trend analysis method ac- 
cording to the present invention utilizes multiple trend 

30 parameters in order to perform the parametric filtering 
methodology. Each trend parameter used is an indicator 
of overall engine performance or gas path health. The 
steps for calculation of the trend parameters, which are 
in general used throughout the industry, are outlined be- 

35 low. 

Referring to the drawings, Fig. 1 is a flow chart 10 
illustrating the steps employed by the diagnostic trend 
analysis method of the present invention. At block 12, 
appropriate trend parameters are calculated from raw 

40 trend data. 

Block 14 allows for the elimination of wild or rogue 
points, so those points are not included in the detection 
analysis process. At block 16, abnormal shifts and 
changes are detected at the most recent point for each 

45 trend parameter from block 1 2, as modified by block 1 4. 
Finally, at block 18, the changes in all available trend 
parameters are evaluated, according to predetermined 
relationships, in order to filter out spurious data and pro- 
vide accurate maintenance recommendations for real 

50 engine trend shifts. 

Continuing with Fig. 1 and referring now to Fig. 2, 
to calculate trend parameters, a "corrected" or "referred" 
value is computed for each raw parameter used for 
trending. The trend parameters are then calculated us- 

55 ing the corrected parameters and parametric baselines, 
typically determined using an engine performance sim- 
ulation. Fig. 2 illustrates the trend parameter calculation. 
In Fig. 2, the x-axis (NLC) is representative of a cor- 



2 



3 



EP 0 843 244 A1 



4 



reeled or referred value of the rotational speed of the 
engine's fan and low pressure turbine rotor, and is a per- 
cent value. The y-axis is represented by T45, i.e., the 
temperature at engine station 4.5, which is the high 
pressure turbine exit plane of the engine, and T45(de- 
sign), i.e., a design value of the same temperature. 
Therefore, the y-axis is the ratio of the high pressure 
turbine exhaust gas temperature, and a design value of 
the exhaust gas temperature, which is a fixed number. 
The trend parameter, indicated as a trend delta 20 in 
Fig. 2, is determined by subtracting the T45/T45(design) 
value of the actual trend point 22 from the T45/T45(de- 
sign) value on the baseline 24 at the same NLC as the 
actual trend point 22. Although the trend parameters 
available for use are dependent on available instrumen- 
tation, examples of suitable trend parameters include a 
change in exhaust gas temperature at a given fan speed 
(ATS @ NL), a change in main engine fuel flow at a given 
fan speed (AWF@NL) , a change in main engine fuel 
flow at a given exhaust gas temperature (AWF@T5), a 
change in compressor rotor speed at a given fan speed 
(ANH@NL), a change in the compressor discharge 
pressure at a given compressor rotor speed 
(APS3@NH), a change in exhaust gas temperature at 
a given compressor rotor speed (AT5@NH), a change 
in the ratio of main engine fuel flow to compressor dis- 
charge pressure at a given exhaust gas temperature 
(AWF/PS3@T5), a change in turbine exhaust pressure 
at a given exhaust gas temperature (APT5@T5), etc. It 
will be obvious to those skilled in the art that although 
Fig. 2 illustrates how the particular trend parameter cal- 
culation for AT5@NL would be determined, the same 
analysis can be applied to a determination of other trend 
parameters. 

Another objective in the selection of trend parame- 
ters is to provide at least two trend parameters which 
utilize each of the available raw trend parameters. 
Hence, if, for example, PS3 is available, then PS3@NH 
and PS3@T5 might be used. This permits isolation of 
the PS3 sensor drift/shift from real performance chang- 
es. Another consideration in selecting trend parameters 
is to choose parameters that are reasonably sensitive 
to overall or gas path performance changes. This is 
most easily evaluated by cycle model analysis, i.e., a 
known computer program that models the behavior of 
the engine. The cycle model could be used to determine 
which parameters, such as temperatures, pressures, 
etc., inside the engine would be most sensitive to chang- 
es in the "health" of the engine and, thus, most useful 
for trend analysis. If the selected trend parameters en- 
able differentiation between high and low pressure gas 
path performance, this technique can provide some lim- 
ited module performance fault isolation, where the term 
module is referring to the different parts of the engine 
through which the air and hot gases pass. Any one of 
the modules may become damaged and cause the per- 
formance of the engine to decline, so even limited infor- 
mation about which engine module or modules may be 



the cause of poor performance is helpful. 

Prior art engine trend data analysis techniques re- 
quire considerable experience in order todistinguish be- 
tween true trend changes and "rogue" data and sensor 

5 shifts. While the present invention provides a diagnostic 
trend analysis capable of automatically detecting 
changes in trend parameters, trend changes are not re- 
layed to maintenance personnel unless corresponding 
changes are seen in related parameters. Consequently, 

io only viable symptoms are provided. When viable symp- 
toms are detected, specific maintenance recommenda- 
tions are generated without requiring visual examination 
of data. The technique of the present invention, there- 
fore, enables a high degree of automation and accuracy, 

is compared to currently practiced trend analysis meth- 
ods. 

As shown in block 14 of Fig. 1 , the present invention 
allows for the identification of wild points. Wild or rogue 
points may be identified using, for example, the same 
20 statistical methodology used to identify step changes in 
the trend data. Wild point elimination is known in the art 
and is performed by excluding all data points from the 
detection calculation that are outside a predetermined 
tolerance band for a given sample of data for the statis- 
ts tical analysis technique used. As will be known to those 
skilled in the art, there are many standard statistical 
techniques for evaluating a population of data. For ex- 
ample, a standard deviation technique can be used to 
measure the scatter in a sample of data around the av- 
30 erage for the population of data. A wild point can be de- 
termined by defining it as any point that is more than 
some number of standard deviations from the average. 
It is important that the wild point elimination methodolo- 
gy does not eliminate shifts that are caused by real en- 
35 gine performance changes. 

At block 16 of Fig. 1, detection of abnormal shifts or 
changes in trended data is performed. This detection is 
preferably performed using a known statistical "control 
chart" method, which identifies "special cause" varia- 
40 tions in time ordered data. This approach is somewhat 
more sensitive to "deviations" in trends than a +/-3o, i. 
e., standard deviation, approach. However, even with 
this refinement, experience indicates that the separation 
of scatter from real performance changes requires con- 
45 siderable judgment. For this reason, the parametric fil- 
tering process is implemented to prevent false "hits" and 
single parameter fluctuations from overwhelming a user 
with numerous trend alarms. 

As used for the diagnostic trend analysis, in accord- 
50 ance with the present invention, the control chart meth- 
od is preferably applied as follows. Initially, a sample 
comprising fifteen of the most recent trend points, ex- 
cluding any wild points, is used. An arithmetic mean for 
the sample of fifteen is calculated for each trend param- 
55 eter, according to the following equation: 

X _ x1+x2+x3+...+x15 
avg- 15 
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The average "distance" between consecutive points is 
then calculated for each parameter, such as according 
to the following equation: 

R ix1-x2!+lx2-x3i+ix3-x4l+...+lx14-x15i 
avg - -|4 

An upper and lower control limit can then be calculated 
for each parameter, such as according to the following 
equations: 



and 

LCL = X avg -2.66R avg 

For each trend parameter, it is determined if the latest, 
i.e., most recent, point in the trend sample is greater 
than the upper control limit (UCL) or lower than the lower 
control limit (LCL). A flag can be set for each parameter 
which exceeds either of these limits. The flag should al- 
so include an indication of which limit, upper or lower, 
was exceeded. The flags are used to perform paramet- 
ric filtering for the diagnostic trend analysis method of 
the present invention. 

Continuing with Fig. 1, at block 18, all detected 
shifts, occurring at a single point in time, i.e. at the same 
trend point, are analyzed using a parametric filtering 
technique. If only a single parameter is flagged out of 
range, the event is consider spurious and no mainte- 
nance message is generated. If more than one param- 
eter shifts at a single point in time, the specific param- 
eters and their direction of change are compared to a 
"fault template" to determine if the shift in the trend data 
is characteristic of a known or recognizable cause. If the 
pattern matches a known cause, then a trend alarm can 
be generated along with its corresponding maintenance 
recommendation, 

Alternatively, an explanation of why the shift occurred is 
given. The general categories for recognizable shifts in- 
clude, for example, (1) sensor drift or shift, or (2) real 
performance changes, which includes gas path per- 
formance deterioration, excessive leakage, variable ge- 
ometry (VG) schedule changes, etc. Further breakdown 
of real performance changes may be possible by iden- 
tifying low pressure versus high pressure module per- 
formance changes if the selected trend parameters en- 
able this degree of resolution. If more than one param- 
eter shifts, but the pattern is not recognized (i.e. not in 
the fault template), the event may be placed on a main- 
tenance "watch list" or ignored until discemable symp- 
toms occur. 

Figs. 3Aand 3B illustrate an example of a trend fault 
template for generation of trend alarms and their corre- 
sponding maintenance recommendations. On the left 



side of the template are the engine discrepancies cor- 
relating to the various trend event symptoms, including 
pressure and temperature shifts, performance losses, 
main engine fuel flow shift, variable geometry shift, etc. 
s In a preferred embodiment of the present invention, the 
actual trend signature, indicating which shifts are up or 
down, is compared to the fault template of Figs. 3A and 
3B. The resultant set of symptoms is then "scored" 
against all possible causes, by applying varying degrees 
of importance to the match between template symptoms 
and actual symptoms. Rarely would all of the symptoms 
be set for a given fault, therefore the scoring methodol- 
ogy provides a means of evaluating the most likely 
cause from actual symptoms. The specific trend param- 
eters used in the trend template for a given engine 
should be evaluated empirically, since cycle model pre- 
dicted sensitivities do not always reflect real engine par- 
ametric response to changes in engine component per- 
formance. However, the initial template generation for a 
new engine must necessarily be based on a cycle model 
analysis or similarity to an existing engine. 

The present invention, therefore, provides for a di- 
agnostic trend analysis method for analyzing engine 
trend data and evaluating overall engine performance 
and gas path health. The diagnostic trend analysis 
method according to the present invention provides re- 
liable detection and annunciation of only those changes 
and shifts in trend data that merit attention by mainte- 
nance, and suppresses false or spurious shifts in trend 
data. Abnormal trend detection and analysis can be fully 
automated, in accordance with the present invention. 
Furthermore, specific maintenance recommendations 
accompany each trend event that merits attention. 

In accordance with the present invention, fault tem- 
plates or parametric filtering is implemented to detect 
meaningful shifts in trend data and to interpret those 
changes into maintenance recommendations. Further- 
more, multiple trend parameters are used to enhance 
classification of detected trend shifts into random or spu- 
rious events, sensor or signal shifts, or real engine per- 
formance changes. Control chart methodology is uti- 
lized for detecting shifts in trend data, thereby providing 
enhanced sensitivity in the detection of changes. 

While preferred embodiments of the present inven- 
tion have been shown and described herein, it will be 
obvious to those skilled in the art that such embodiments 
are provided by way of example only. Numerous varia- 
tions, changes, and substitutions will now occur to those 
skilled in the art without departing from the invention. 
For example, the control chart approach may be re- 
placed with any statistical method which checks for var- 
iation beyond a certain value from the mean. The meth- 
od of the present invention also lends itself to detection 
techniques such as those which check for the time or- 
dered slope of trend data to exceed a threshold. Addi- 
tionally, besides flagging a trend alarm based solely on 
a recognizable pattern of shifts in two or more trend pa- 
rameters, the magnitude of changes in one or more of 
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those parameters could also be included as a factor in 
alarm generation. A natural variation of the method also 
occurs for each set of trend parameters used, resulting 
in a new fault template. Also, in addition to using param- 
eters that are sensitive to engineVnodule performance, 
mechanical parameters, such as engine vibrations, and 
lubrication system parameters can also be trended us- 
ing the diagnostic trend analysis method of the present 
invention. 

Engine core/fan vibrations can be trended with perform- 
ance parameters to provide detection/isolation of dam- 
age to the engine gas path. 



Claims 

1 . A diagnostic trend analysis method (10) for analyz- 
ing engine trend data for aircraft engines, the meth- 
od comprising the steps of: 

calculating appropriate trend parameters from 
raw trend data (12); 

eliminating wild points (14) associated with the 
calculated trend parameters (12); 
detecting abnormal shifts and changes at a 
most recent- point for each trend parameter 
(16); 

evaluating the abnormal shifts and changes in 
each trend parameter (18); and 
using the evaluation to filter out spurious data 
and provide accurate maintenance recommen- 
dations for real engine trend shifts (18). 

2. A diagnostic trend analysis method (1 0) as claimed 
in claim 1 further comprising the step of calculating 
corrected parameters to determine actual trend pa- 
rameters (20). 

3. A diagnostic trend analysis method ( 1 0) as claimed 
in claim 1 further comprising the step of generating 
a fault template indicative of abnormal shifts corre- 
sponding maintenance recommendations. 

4. A diagnostic trend analysis method ( 1 0) as claimed 
in claim 3 further comprising the step of comparing 
a set of actual trend symptoms (20) to the fault tem- 
plate to identify a possible cause for each of the ac- 
tual trend symptoms (20). 

5. A diagnostic trend analysis method ( 1 0) as claimed 
in claim 4 further comprising the step of evaluating 
the match between the set of actual trend symp- 
toms (20) and the fault template. 

6. A diagnostic trend analysis method (1 0) as claimed 
in claim 5 wherein the step of evaluating the match 
further comprises the step of scoring proximity of 
actual trend parameter (20) shifts to each set of 



shifts in the fault template. 

7. A diagnostic trend analysis method (1 0) as claimed 
in claim 1 wherein the step of detecting abnormal 
5 shifts and changes at a most recent point for each 
trend parameter (1 6) further comprises the step of 
differentiating between a real change in engine per- 
formance and a faulty measurement or data scatter. 
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